Most investigations of the comparative nephrotoxicities of aminoglycosides in animals have utilized large multiples of the human dose. Furthermore, many of these assessments have used only one or two dose levels and have not described a dose-response comparison among antibiotics. Because of this lack of comparative dose-response data over a range of low multiples of the human dose, the nephrotoxicities of gentamicin, tobramycin, and amikacin were investigated in 180 rats, utilizing doses ranging from one to seven times the equivalent human clinical doses. Histopathological evaluations of both kidneys from each rat were scored without knowledge of the treatment, and statistical analyses of the results indicated that a linear and parallel dose-response relationship existed for each drug, the relative nephrotoxicity over the range of doses analyzed was gentamicin > tobramycin > amikacin (P = 0.0001), and, unlike amikacin, the human dose equivalents (milligrams per kilogram) of gentamicin and tobramycin were significantly nephrotoxic in rats (P < 0.05).
Most investigations of the comparative nephrotoxicities of aminoglycosides in animals have utilized large multiples of the human dose. Furthermore, many of these assessments have used only one or two dose levels and have not described a dose-response comparison among antibiotics. Because of this lack of comparative dose-response data over a range of low multiples of the human dose, the nephrotoxicities of gentamicin, tobramycin, and amikacin were investigated in 180 rats, utilizing doses ranging from one to seven times the equivalent human clinical doses. Histopathological evaluations of both kidneys from each rat were scored without knowledge of the treatment, and statistical analyses of the results indicated that a linear and parallel dose-response relationship existed for each drug, the relative nephrotoxicity over the range of doses analyzed was gentamicin > tobramycin > amikacin (P = 0.0001), and, unlike amikacin, the human dose equivalents (milligrams per kilogram) of gentamicin and tobramycin were significantly nephrotoxic in rats (P < 0.05).
The prevalent utilization of doses many times greater than those used in human antibacterial therapy when comparing the nephrotoxicities of aminoglycosides in animals has been questioned (1, 31). Additionally, many of these studies have employed only one or two dose levels and have not defined relative dose-response relationships. Relative toxicity is classically defined by comparing dose-response relationships which are linear and paralel over a range of responses of a similar magnitude (11, 15 mg/kg per day) were each geometrically spaced, except for the lowest doses of tobramycin and amikacin. The human therapeutic doses recommended in the package inserts are as follows: gentamicin and tobramycin, 3 to 5 mg/kg per day (we used 4 mg/kg per day); amikacin, 15 mg/kg per day. The equivalents of these therapeutic doses for all three aminoglycosides, expressed in milligr per kilogram, were also included. Because ofthe differences in therapeutic doses, the daily doses of each aminoglycoside were normalized and expressed as multiples of the respective therapeutic dose to facilitate compansons.
The concentrations utilized were as follows: 2 mg/ ml for gentamicin, 4 mg/ml for tobramycin, and 10 mg/ml for amikacin. The daily half-dose injection volumes varied from 0.075 to 0.5 ml/100 g, depending on the dose. Ten control rats received 0.5 ml of antibiotic-free saline per 100 g.
Antemortem observations. Signs of toxicity, changes in general health and behavior, and body weights were recorded just before the administration of the first dose each day. Serum creatinine and blood urea nitrogen were determined on individual blood samples of all rats before the start of dosing and on days 14 or 15 and 27 or 28 of dosing. Urinalyses were performed on pooled 18-h urine samples collected from each treated group and the control group at the same times. Urine volume, specific gravity, and pH were determined for each sample, and protein, sugar, ketones, bilirubin, hemoglobin, erythrocytes, leukocytes, epithelial cells, bacteria, and casts were measured semiquantitatively.
Postmortem evaluation. All rats were sacrificed by an overdose of sodium pentobarbital on the day after the last day of dosing. Cardiac blood samples were taken immediately, after which both kidneys were removed and examined grossly. A longitudinal section of the left kidney and a cross section of the right kidney from each rat were preserved in 10% on November 2, 2017 by guest http://aac.asm.org/ obtained from the higher-dose groups of all three aminoglycosides. These minor clinicopathological changes could not be correlated with the moderate degree of histopathological renal lesions produced in these animals. This anticipated observation supports the reported insensitivity of renal function tests in rats in the' presence of mild to moderate histological nephrotoxicity (7, 13, 26, 27) . Postmortem evaluation. The gross ,examination at necropsy revealed some slight mottling of the kidneys of some rats in all of the higherdose groups. Histopathological examination of both kidneys of all of the rats revealed only a moderate degree of bilateral proximal tubular damage at the highest doses of all three aminoglycosides. The production of such an intermediate grade of nephrotoxicity facilitates the development of a dose response and permits a more accurate microscopic comparison than do larger, more destructive doses (13) . The light microscopic changes were confined to the proximal tubules and were consistent with those ascribed to aminoglycosides in rats and humans (10, 13, 24, 29) . Some acute focal tubular epithelial degeneration and necrosis were evident, particularly at the higher doses of all aminoglycosides (Fig. 1) . However, the focal proximal tubular damage in this 28-day model was represented predominantly by less acute changes, such as dilatation of the lumens of proximal tubules ( Fig. 2 and 3) , slight peritubular areas of round cell infiltrates (Fig. 4) , tubular basophilia (Fig. 5) , and small focal areas of peritubular interstitial fibrosis (Fig. 5) . More than one lesion was usually represented in any individual kidney (Fig. 5) , and the mean severity of each lesion increased with the dose of each aminoglycoside. A mean nephrotoxicity response for the 10 rats in each treatment group and the control group was obtained from the individual rat scores. These mean nephrotoxicity responses and the means for each lesion by treatment group are given in Table 1 .
Recovery from nephrotoxicity has been reported in rats receiving large doses of aminoglycosides, with active necrosis and regeneration occurring simultaneously (7, 9, 10, 17) . This recovery is manifested histologically by the regeneration of proximal tubular epithelium, which is distinguished by its basophilia (7, 10) . Tubular basophilia was one of the six nephrotoxic lesions evaluated in this study, and the tubular basophilia scores were highly correlated with the total histological nephrotoxicity scores for each aminoglycoside (partial correlation analysis, P < 0.0001). Therefore, the degree of recovery was proportional to the total renal toxicity observed with each aminoglycoside, and recovery within the duration of dosing should be equally represented for each aminoglycoside.
Statistical analysis. The nephrotoxicity response at the highest dose (10.1 times the human therapeutic dose equivalent) of tobramycin was excluded because it did not appear to lie on the linear portion of the dose-response curve and was outside the range of the dose multiples of the other two aminoglycosides. The nephrotoxicity responses are plotted on an arithmetic scale directly against the multiple of the therapeutic dose in Fig. 6 . Other models in which log transformations were used did not offer any advantages over the arithmetic plot.
The three dose-response curves were significantly linear and parallel. The order of decreasing toxicity was gentamicin > tobramycin > amikacin, with each aminoglycoside differing significantly from the others (P = 0.0001). At the human therapeutic dose equivalents (milligrams per kilogram), gentamicin and tobramycin exhibited significant nephrotoxicity in rats (P < 0.05, treated versus control). The renal reactions to the equivalent dose of amikacin could not be distinguished from those of the control group (P > 0.2).
DISCUSSION
Nephrotoxicity is the most serious adverse effect of aminoglycosides in clinics (19, 23 The relevance to humans of such findings observed in animals is controversial. However, several clinicians have declared that it is very difficult to determine the incidence of antibioticinduced nephrotoxicity in patients (6, 10, 12) . Compounding the problems of distinguishing between the patient's illness and drug-induced nephrotoxicity are the inaccuracies and lack of specificity ofrenal function tests, including blood urea nitrogen and serum creatinine (3, 8) , endogenous creatinine and inulin clearance (5, 18 , and quantitation of urinary enzymes (22, 25, 28) . Unfortunately, there is no satisfactory marker to predict impending nephrotoxicity in clinics (6) . Microscopic examination of kidney sections is an accurate and sensitive method of assessing subclinical nephrotoxicity in animals, particularly if there is only slight to moderate focal renal damage (13, 14, 26, 29, 33) . Comprehensive prospective, double-blind clinical studies comparing various aminoglycosides would be highly desirable, especially if more sensitive renal function tests and estimates of glomerular filtration more reliable than creatinine were included, but "until such data in man are available, reliance must be placed on animal studies" (16) .
The utilization of rats for comparing the nephrotoxicities of aminoglycosides has some advantages over clinical trials, including the possibilities of studying large numbers of diseasefree subjects, of having a negative control, and of making histological evaluations of renal tissues on test subjects not previously or concomitantly exposed to other nephrotoxins. Furthermore, there are well-validated similarities in the pharmacokinetics (13, 21) and toxicities (1, 13) of aminoglycosides in rats and humans.
Based on accurate and sensitive microscopic examinations of renal tissues, gentamicin and tobramycin produced statistically significant subclinical nephrotoxicity in rats given the 'equivalent human therapeutic dose expressed in milligrams per kilogram (P > 0.05). The group given therapeutic doses of amikacin could not be distinguished from the control group (P > 0.2). The relative nephrotoxicity over the entire range of doses tested was gentamicin > tobramycin > amikacin (P = 0.0001). Since the ability to compare the nephrotoxicities of aminoglycosides in clinical trials is suspect (6, 9, 12, 16) , the greater safety of amikacin versus gentamicin and tobramycin predicted in rats may be undetectable in clinics.
